The UK Met Office has previously conducted convection-permitting climate simulations over the southern UK (Kendon et al. in Nat Clim Change 4:570-576, 2014). The southern UK simulations have been followed up by a new set of northern UK simulations using the same model configuration. Here we present the mean and extreme precipitation projections from these new simulations. Relative to the southern UK, the northern UK projections show a greater summertime increase of return levels and extreme precipitation intensity in both 1.5 km convection-permitting and 12 km convection-parameterised simulations, but this increase is against a backdrop of large decreases in summertime mean precipitation and precipitation frequency. Similar to the southern UK, projected change is model resolution dependent and the convection-permitting simulation projects a larger intensification. For winter, return level increases are somewhat lower than for the southern UK. Analysis of model biases highlight challenges in simulating the diurnal cycle over high terrain, sensitivity to domain size and driving-GCM biases, and quality issues of radar precipitation observations, which are relevant to the wider regional climate modelling community.
Introduction
In two previous papers (Chan et al. 2014a; Kendon et al. 2014) , we have diagnosed extreme precipitation projections for the southern UK (SUK) from a set of 12 and 1.5 km regional climate model (RCM) simulations conducted with the UK Met Office (UKMO) Unified Model (UM). A new set of 1.5 km convection-permitting model (CPM) and 12 km parameterised-convection model (PCM) simulations that focus on northern England and Scotland (northern UK; NUK) were completed in 2016 for a study predicting future changes in nutrient transfer in small river catchments (project NUTCAT2050; Ockenden et al. 2016) . These new simulations are driven by the same general circulation model (GCM) simulations (Mizielinski et al. 2014 ) used in the SUK study.
The main objective here is to summarise precipitation biases and projections for NUK, and compare them with previous SUK results. This provides full UK coverage for our projections from the same 12 km PCM and 1.5 km CPM one-way dynamic downscaling system. UKMO is currently conducting the next generation of CPM climate simulations for UK and Europe with updated UM physics for future UK climate projections (project UKCP18; UKCP 2017) and CORDEX flagship pilot studies (Giorgi et al. 2009 ). In the case of UKCP18, the first ensemble of CPM climate simulations will be carried out, UK wide, for delivery in 2018. Previous SUK and the new results presented here can be used to benchmark these newer simulations.
We begin with a brief description of our model simulations and observations (Sect. 2), followed by a summary of our methods (Sect. 3). The first two parts of our comparison section (Sect. 4.1-4.2) focus on the basic mean biases and projections for the NUK 1.5 km simulation. We then examine the frequencies and intensities of hourly precipitation (Sect. 4.3), diurnal cycles (Sect. 4.4), and lastly return levels of extremes (Sect. 4.5).
3 2 Model and observations
The new NUK 13-year CPM simulation domain is centred over Scotland (Fig. 1) . The new simulations have the same model physics as the previous SUK simulations (Kendon et al. 2012 (Kendon et al. , 2014 . The SUK and NUK simulations partially overlap over the northern half of England. This overlapping region is close to the boundary of both simulations, and is impacted by lateral boundary artefacts. Hence, results from this region are not included in our analysis. Due to the proximity of Northern Ireland to the lateral boundary, Northern Ireland is also excluded from our analysis.
The SUK and the NUK are 13-years simulations and are one-way nested down from 12 km European RCM, driven by the present-and future-climate (end of twenty-first century for the RCP8.5 scenario) GCM simulations (Meinshausen et al. 2011; Mizielinski et al. 2014) .
1 The present-climate GCM simulations are driven by observed SST and sea ice between 1997 and 2009 (Donlon et al. 2012) . Multi-year mean SST and sea ice projections, for each month, from an independent HadGEM2 coupled ocean-atmosphere GCM simulation are then superposed onto the observed daily SST and sea ice to give the lower boundary conditions for the future GCM simulation 2 (Mizielinski et al. 2014) . Both the 1.5 and 12 km simulations are analysed here. Unlike SUK simulations, we do not have a 1.5 km ERA-Interim-driven Fig. 1 The 1.5 km simulation domain for NUK with surface height (m, above sea level) contoured. Scottish Highlands, Scottish Central Lowlands, and the Lake District are marked with SH, CL, and LD, respectively. Currently operating (five sites) and former (only one site, south of Glasgow) precipitation radar sites within the simulation domain are marked with up and down triangles, respectively. Major cities and points of interest (POI) are marked as well 1 3 (Dee et al. 2011 ) hindcast simulation; hence, biases are diagnosed by comparing observations with the present-climate simulations. For the sake of comparison, observations and the 1.5 km CPM data are all regridded to the 12 km grid using area averaging.
Observations are used to examine the quality of the present-climate simulation. We use gridded hourly radar (RAD, 2003 (RAD, -2015 Harrison et al. 2000) and gridded daily gauge (UK5, 1962 (UK5, -2012 Perry et al. 2009 ) data. The two datasets have different 5km grids, and both are regridded to a common 12 km grid for comparison. The UK5 northern UK gauge density is considerable lower than the 5 km "resolution" of the dataset (Perry et al. 2009) , which further justifies the use of a lower resolution grid. As the simulations are not driven by reanalysis ("hindcast simulations"), the exact years for the observational data do not need to match. We would not expect correspondence between the models and observations on an event-by-event basis, but the climatology of hourly and daily precipitation accumulated over 10+ years should be well captured.
Both in situ gauge and radar remote-sensing coverage 3 over NUK are sparser than SUK, and complex terrain further complicates the problem. Radar data checks indicate about 15% of radar observations for the SUK domain are marked as missing, but this fraction increases to 25% for the NUK domain. There are no radar sites in the Scottish Highlands, and closest radar stations are near to Aberdeen and Stornoway (Harrison et al. 2000) . For the UK5 observations, the current highest density of gauges is located along the Glasgow-Edinburgh corridor, and the density decreases north and southward toward the Highlands and rural English-Scottish border. Highland gauges tend to concentrate near coastal inlets ("firths"), settlements, and valleys. Gauge coverage is relatively poor in the early data period (1960s) with only about 20-some gauges north of Glasgow and Edinburgh (island gauges included).
Methodologies and metrics
Our primary focus here is on precipitation, and our results include many of the mean and extreme metrics that we have used to analyse the SUK simulations (Chan et al. 2013 (Chan et al. , 2014b . These include the summer (JJA) and winter (DJF) daily precipitation means (mm/days), the number of "wet hours" (accumulated precipitation exceeds 0.1 mm/h) and a number of "wet hour" metrics: precipitation frequency, mean precipitation intensity, and precipitation intensity probability distribution. Total mean precipitation can be expressed as the sum of the mean intensity above the "wet" threshold times the frequency of "wet hours", plus the remainder that is truncated below the threshold. Many observations have higher minimum thresholds than 0.1 mm/h ; for instance, many UK tipping bucket gauges have 0.2 mm ticks (Blenkinsop et al. 2017) . Return levels and periods are standard metrics for extreme risk assessments, and are estimated using extreme value theory (Coles 2001) . Return levels and periods are estimated using the peaks-over-threshold (POT; Chan et al. 2014a; Coles 2001; Martins and Stedinger 2001) method. The methodology is mostly unchanged from previous work (Chan et al. 2014a ) except we increase the wet-hour extreme percentile threshold from 95.0 to 97.5 for 1 h precipitation extremes to account for the higher frequency of precipitation in NUK relative to SUK. The wet-day 4 extreme percentile threshold (95.0) remains the same.
Previously published SUK projections focus mainly on extreme changes (Chan et al. 2014a; Kendon et al. 2014) . We now also provide the mean changes for SUK in the Supplementary Material ( Supplementary Figs. 1 and 2) to compare with the mean precipitation changes in NUK simulations.
Results

Mean biases
Figures 2 and 3 present the simulated summer and winter seasonal means of daily precipitation in the 1.5 and 12 km models, and compare them with a) the UK5 observations and b) future projections. Both models capture well the high values over the Scottish Highlands and the NW-SE precipitation gradient as shown by the observations. When compared with observations, precipitation in the 1.5 km simulation is lower in the wettest regions along the west coast, and higher in the drier eastern regions. The dry bias in the west is more prominent in the winter months (Fig. 3c) , while the wet bias in the east is more prominent in the summer months (Fig. 2c) . In contrast, the 12 km simulation is slightly wetter than observations over most of the domain in summer, and is drier, mainly over central and eastern Scotland, in winter.
As the 1.5 km simulation dry biases appear over high terrain, we first hypothesised that the decreased precipitation rates are associated with orographic precipitation. However, a close inspection shows that the GCM-driven 1.5 km and 12 km southern UK simulations show a similar negative bias over the Welsh mountains and Cornwall, and positive biases in low lands to the east (Supplementary Figs. 1 and 2). It is possible then, that in both cases, the biases are inherited 
from the driving GCM. The driving GCM has similar precipitation biases ( Supplementary Figures 3 and 4) , which might be related to its storm track biases (Berthou et al. 2017) . However, we find that biases for the 12 km hindcast simulation are quite similar to the GCM-driven simulation especially in winter (Supplementary Figure 5) , suggesting structural biases of the 12 km RCM are also a contributing factor; hence, the origin of these biases is hard to pinpoint, and is probably a combination of biases inherited from the driving GCM and structural biases of the RCM themselves. While there is no 1.5 km hindcast simulation for comparison, the 1.5 km simulation domain is now known to be too small [Lock et al, personal communications] , and that is likely to introduce additional structural biases to the 1.5 km simulations. Recent updates to the boundary layer scheme and the domain size in the current operational UK forecast model and the climate CPM (carried out after the SUK and NUK simulations were completed) improves significantly the problem of negative precipitation bias over the UK (Lock et al, personal communications).
Future projections of mean daily precipitation
A summer drying is projected for the whole northern UK domain ( Fig. 2e) , with many areas seeing a decrease of 25-50% in daily mean precipitation, including the relatively densely populated Scottish Central Lowlands, for both the 1.5 and 12 km simulations. This is similar to the drying found in the SUK simulation ( Supplementary Fig. 1 ).
In contrast, the models predict higher precipitation for most regions in winter. The 1.5 km simulation shows a moderate increase of 10-35% in parts of the Scottish Central Lowlands, western Scottish Highlands and the Lake District, and a 10-25% decrease around Aberdeen. The 12 km simulation projections have a similar spatial pattern of change, but are slightly wetter. Winter SUK projections show a similar increase ( Supplementary Fig. 2 ) with the largest increase over Wales.
Frequency and intensity of hourly precipitation
Mean precipitation biases and changes are a combination of changes in frequency and intensity. SUK projections have shown summer precipitation to generally get more intense but less frequent in the future (Chan et al. 2014a (Chan et al. , 2016 Kendon et al. 2014) , which leads to an overall decrease in that summer precipitation ( Supplementary Fig. 1 ) yet intensification of extremes (Chan et al. 2014a; Kendon et al. 2014) . The increase in return levels is smaller than the increase in extreme precipitation intensity because precipitation has become less frequent. Here we conduct a similar examination for the NUK simulations.
Precipitation frequencies
The frequencies for 1 h precipitation exceeding the 0.1 mm/h "wet" threshold are shown in Figs. 4 and 5. For summer and winter, the Scottish Highlands have the highest frequency of wet hours in both models and in the observations. The 1.5 and 12 km simulations have opposite signed frequency biases during summer. The 1.5 km model produces precipitation too infrequently, mainly in the south of the domain, while the 12 km model produces precipitation too frequently, with largest positive biases over orography.
For winter in the present-climate simulations, the spatial medians of wet hour frequency for both 1.5 and 12 km model simulations are less than for observations, with large negative biases ( > 50% ) near to the west coast of Scotland in the 1.5 km simulation, and a small pocket of positive bias near to Dundee. This positive bias pocket might be due to radar observations inaccuracy, as this region is the furthest point from the three radar stations in Scotland: Aberdeen, Glasgow and Stornoway (Harrison et al. 2000) . The 12 km DJF simulation agrees better with the radar observations apart from the eastern coast, where negative bias is large ( 25% less frequent than radar).
Future projected summer wet hour frequency changes are dominated by a 30-60% decrease everywhere in both the 1.5 km and the 12 km simulations. Despite large terrain variation in NUK, the negative changes are fairly uniform. Similar levels of decrease were also found in the SUK simulation, and were attributed to circulation changes from the driving GCM (Chan et al. 2016) .
In winter, future projections of the wet hour frequency in both the 12 and 1.5 km simulations show a clear west-east gradient, with an increase in frequency in the west and a decrease in the east. The magnitude of future change in wet hour frequency in the winter is smaller than in the summer.
Precipitation intensities
Histograms of precipitation intensities from radar observations and model simulations are presented in Figs. 6 (summer) and 7 (winter). In both seasons, present-day intensities between 0.1 and 1.0 mm/h account for ≥ 50% of all wet hours, and intensities larger than 5 mm/h are rare ( < 2% for the 1.5 km simulation), which is a commonly found issue with PCMs (Trenberth et al. 2017) . The 12 km fraction of wet hours with intensity < 1 mm/h is larger than radar observations, compensated for by smaller fractions in higher intensity bins and lower skewness. The 1.5 km intensities, on the other hand, show more frequent heavy precipitation, especially in summer. Comparing results with Sect. 4.3.1, it is clear that reduced (increased) frequency of wet hours in the 1.5 km ( 12 km ) present-climate simulation are compensated by higher (lower) precipitation intensities. Both models seem to underestimate the frequency of very high intensities ( > 20 mm/h ), but it is questionable if those high radar intensity readings are accurate and whether radar readings above 10 mm/h are valid for model evaluation (e.g. the number of 50 + mm/h counts in the winter radar data is 3 times larger than the number of 20-50 mm/h counts). The skewnesses of the data are given in the legend of Figs. 6 and 7. JJA (DJF) radar skewness is more than 4 (16) times of the present-climate model data. Gauge observations in Scotland (Blenkinsop et al. 2017 ) have JJA and DJF mean skewnesses of ≈ 4.6 and 4.5, respectively (Lewis, 200 personal communications), which are much more consistent with the RCM estimates. In future, precipitation intensities increase in both summer and winter for both 1.5 and 12 km simulations. There is an increase of frequency in wet hours for all bins higher than 2 mm/h , and this leads to increased positive skewness for both summer and winter. For example, the 1.5 km simulation sees a 20-fold increase in the 20-50 mm/h bin for summer and winter.
The changes in the mean wet hour intensity for the 1.5 and 12 km simulations are given in Table 1 . The overall mean changes for 1.5 km precipitation intensity for both summer and winter are about 20%, which contrasts the very large changes in the high intensities as shown in Figs. 6 and 7. Tail extreme intensities are too rare to have significant impact on the mean intensity changes as they account for no more than 1% of the "wet" hours, but they are an important feature of future projections with potentially strong impacts, and are reflected in the return level changes (Sect. 4.5). Mean intensity changes are dominated by changes to bins below 5 mm/h with increased frequencies of 2-5mm/h events in both summer and winter and decreased frequencies for the lower intensities. The 20% mean increase in summer intensity for the 1.5 km simulations is outweighed by 50-60% decrease in overall precipitation frequency. Therefore, while the future mean precipitation decreases, extremes still intensify.
Diurnal cycle
Differences in diurnal cycle are often used to distinguish CPMs from PCMs (Clark et al. 2016; Lean et al. 2008) . Convection parameterisations in PCMs do not represent the development and decay of convection properly, and so the diurnal cycle representation is notably worse than CPMs (Ban et al. 2014; Keller et al. 2016; Kendon et al. 2012; Prein et al. 2013 ). The radar-observed and modelsimulated summer diurnal cycles are shown in Fig. 8 . Radar observations indicate the diurnal maximum occurs in the late afternoon around 16Z, which is consistent with in situ observations in Scotland (Svensson and Jakob 2002) . Both 1.5 and 12 km present-climate simulations have diurnal peaks earlier than observed, but the timing of the peak is better for the 1.5 km simulation. Similar early diurnal peaking of precipitation is found in ETHZürich CPM simulations over the Alps (Keller et al. 2016; Leutwyler et al. 2017 ). This early peaking bias is not found Table 1 Average "wet hour" ( ≥ 1mm/h ) intensity for radar observations, 1.5 and 12 km simulations. Model-simulated future-divided-by-present changes (F/P) are also given in the southern UK simulations (Kendon et al. 2012) , possibly due to the absence of steep orography. Future rates are lower in summer as expected from the projected decrease in mean precipitation (Fig. 2) , and the diurnal cycle shows a similar early peak. JJA diurnal cycles for both future simulations are flatter than the present-climate simulations, and the diurnal decrease is slightly higher in fractional terms during the afternoon hours relative to the morning and overnight hours (see Supplementary Fig. 6 ). What causes the summer diurnal cycle biases? Precipitation in Scotland is highest over orography (Fig. 2) . A simple separation of the 1.5 km model-simulated summer diurnal cycle by surface height (Supplementary Fig. 7 ) does not appear to separate areas with and without the diurnal cycle bias, suggesting a complex cause to the diurnal cycle bias. NUK precipitation is generally more stratiform than SUK, partially due to its orography but also due to higher synoptic variability in NUK. The model separation and interaction between stratiform and convective precipitation may differ from reality. Diurnal biases in temperature and differential heating over orography may also contribute to the diurnal precipitation biases due to their roles in local up-slope winds.
The winter diurnal cycles are shown in Fig. 9 . Neither the radar-observations nor the model simulations show a clear daily peak in winter precipitation. However, the hourly range from the radar observations is ≈ 0.04mm/h (or ≈ 18% of the diurnal mean), which is more than double the simulated range ( ≈ 0.01 mm/h or ≈ 6-8% of the diurnal mean).
Return level projections
Return levels for "short" return periods are more robust as they are sampled by more data and do not rely on extrapolation. As our simulations are just slightly longer than a decade, any return periods beyond 10 years are extrapolations. Previous results for the SUK have indicated an increase of both summer and winter extreme return levels (Chan et al. 2014a ). The relatively robust 5-year summer and winter return levels z(5) and their changes for 1 h and 1 day precipitation for the 1.5 and 12 km northern UK simulations are shown in Figs. 10, 11, 12, 13 . We also present z(5) estimates from radar observations (for 1 h precipitation) and UK5 (for 1 day precipitation) as well. Note, however, the radar data quality control issues discussed earlier.
z(5): 5-year return level changes
The 1 h summer z(5) for both present-day and end-of-21st-century simulations have no clear spatial pattern; there is no clear distinction between lowlands and orography. For the observations, the higher z(5) tends to be in the southern 2 / 3 of the domain. Winter 5-year return levels, however, are larger over orography for both hourly (Fig. 11) and daily ( Fig. 13) precipitation.
Future 1 h z(5)s have risen in both summer and winter and for both 1.5 and 12 km simulations. The 1.5 km model's median values have risen by more than 40% in both seasons. The summer increase is larger then the SUK return level projections ( ≈ 10% ; Chan et al. 2014a) , and is in contrast Fig. 9 Same as in Fig. 8 but for  winter with the projected decline in mean summer precipitation. The 12 km simulations show a similar increase for the winter 1 h z(5) as the 1.5 km simulations, but the simulated summer increase is smaller ( ≈ 20%).
For both summer and winter, the largest model-simulated 1 day z(5)s are over the western windward side of the Scottish Highlands, which faces the mid-latitude westerlies and Atlantic Ocean, and seem to be dominated by orographic precipitation. The observed daily z(5) shows a clear pattern of higher values over orography (Figs. 12 and 13, bottom panels), which is captured by the models reasonably well.
The 1 day z(5)s for the 1.5 km simulations are somewhat higher than both the observations and the 12 km simulation.
Future 1 day z(5)s have risen in both summer and winter and for both models (Figs. 12 and 13), with median values over the entire domain risen by ≈ 0-35%. This is a somewhat smaller increase then for the 1 h z(5) ( ≈ 20-50%). For summer, the largest 1 day z(5) rises for the 1.5 km simulations are in the Lake District and the western half of Scotland. There are no clear spatial change patterns for the 12 km simulations nor for the winter 1 day z(5)s; localised decreases are mostly concentrated in the eastern half of Scotland. 
Across return periods
Both observed and model-simulated summer and winter spatial median return levels for return periods between 2-and 30-years are shown in Figs. 14 and 15. For summer, the 1.5 km present-climate simulation has higher 1 h and 1 day return levels than observations and 12 km simulations, which is consistent with our previous understanding of positive intensity biases from the 1.5 km model (Kendon et al. 2012 ). The differences in winter 1 h return levels between the 1.5 and 12 km simulations are small relative to their differences with radar observations. Radar z(5)s are higher than both 1.5 and 12 km simulations for all examined return periods.
The future return levels for summer are higher (shown as percentage change in Fig. 14, bottom panels) . They increase with return period, suggesting higher intensification for rarer extremes. Return level intensifications are higher in the 1.5 km simulations than the 12 km simulations. For shorter return periods (e.g. < 5 years), the 12 km simulations show little return level changes for 1 day precipitation. The 1.5 km simulations project a 50% increase for z(30); this is nearly five times higher than the ≈ 10% increase for southern UK simulations (Chan et al. 2014a) .
In winter, the 1 day return levels for both 12 and 1.5 km current-climate simulation return levels agree with observations. For 1 h return levels, radar-estimated return levels diverge from both model estimates as return period increases; given the questionable quantification of winter hourly extremes (Sect. 4.3.2), this divergence is likely to be spurious. The percentage changes for winter return levels (Fig. 15, bottom panels) for all examined return periods are positive, and the 12 km simulations show consistently higher projected percentage increase. For both models, the percentage changes for 1 h return level increase from 40% to 50-60% as return periods increase from 2 to 30 years; comparable percentage changes were also found for the southern UK simulations (Chan et al. 2014a ). Percentage increases for 1 day return levels are more moderate (20-40 %) than the 1 h return level changes, and are lower than the southern UK projections ( ≈ 40-70 %) (Chan et al. 2014a) .
The SUK 1.5 and 12 km simulations show an increase in winter return levels, but the 12 km simulations show a decrease in summer (Chan et al. 2014a) . In the NUK, we see an increase in both models in winter and summer except for the shortest return periods ( < 3 years) for daily extreme precipitation. The actual projections still differ significantly between the two models; for instance, projected summer increase for 1 h precipitation return levels are two times higher in the 1.5 km simulations. 
Discussion and conclusions
We have assessed the present day state and future projections for the mean and extreme precipitation as simulated by a pair of GCM-driven 12 and 1.5 km UKMO RCM simulations for NUK. The two models show a different spatial pattern in mean precipitation bias, both in summer and winter, suggesting different underlying causes of the bias-the 12 km model has mean biases that are caused by the driving GCM plus factors inherent to the 12 km model, while the 1.5 km model has additional biases due to the setup of the 1.5 km simulation domain and model physics.
For the 12 km simulation biases, one was tempted to trivially link them to the driving GCM biases, but a comparison with the hindcast simulation suggested a more complex origin. The 1.5 km domain size issue is now addressed for the current UK operational and upcoming UKCP18 CPM simulations by using a larger simulation domain. The general consensus for optimal domain size is to be neither too "large (so the simulation does not diverge strongly from the driving dataset on the large-scale) nor too "small" (so that small-scale features are given time to develop) (Leduc and Laprise 2009; Leduc et al. 2011) . However, what is too "large" or too "small" are often model and regional circulation dependent (Leduc and Laprise 2009; Matte et al. 2017) . The best domain sizes are generally found by conducting large number of simulations with different domains. Despite the above, differences between the 12 and 1.5 km simulations in frequency of precipitation and diurnal cycle are more consistent with previous results from the southern UK results and other simulation domains (Keller et al. 2016; Kendon et al. 2012) ; this includes the general tendency of the CPM simulations to precipitate less often but at higher intensity with better diurnal timing than lower-resolution PCM simulations. Higher resolution models have other benefits such as resolving of complex topography. Only the 1.5km model resolves local precipitation maxima and minima in the Scottish Highlands and the Lake District (see Fig. 3b) ; the latter is critical for project NUTCAT2050 in which local rivers around the Lake District are a major focus.
Despite differences in mean precipitation biases, the future projections of precipitation change for NUK are very similar for both models. Both models predict a precipitation increase in winter and large summer decrease (30-50%). It is only at the tail of the probability distribution that the two simulations differ from each other with a larger extreme 1 h rainfall intensification in the 1.5 km model in summer. Both models agree, however, on the direction of change and the projected intensification is larger than for the SUK. In winter, the mean and extreme precipitation changes are largely similar between the two simulations. Due to different physical representations of precipitation between CPMs and PCMs, one may expect their projections to differ the mostly in the warm seasons.
Results here show that extreme intensity changes are much higher than the mean intensity change. In particular, the mean hourly intensity increases are typically no higher than 20% in both models (Table 1) , whilst the probabilities for 20.0 + mm/h events have increased by more than an order of magnitude in both models. This higher extreme change may be related to their higher thermodynamic sensitivity to temperature changes (Trenberth et al. 2003) , and can lead to large probability changes for extreme precipitation (Neelin et al. 2017) .
Summer mean precipitation decreases for all models due to large decreases in precipitation frequency, but their extremes all intensify. This is a well-known result from many previous theoretical and modelling studies (for instance : Neelin et al. 2017; Pall et al. 2007) , and highlights the importance of treating extreme changes and mean changes separately. This is also important from a climate impact perspective; for instance, results here may suggest drier summers with more frequent flash flooding, which might have an effect on soil erosion, agriculture practices, and stream water quality.
Substantial doubts are raised regarding the reliability of high-intensity ( 10 + mm/h ) 1 h radar precipitation. While radar observations are found to be adequate and suitable for extreme precipitation assessments in SUK (Chan et al. 2014b ), this might not be the case for NUK where radar coverage is poorer. However, radar data are perhaps good enough for diurnal cycle analysis as the daily and diurnal means are mostly controlled by the frequency of dry hours and low intensity precipitation (Figs. 3 and 7) . Errors in the tail are most clear when their skewness and return levels are diagnosed. The winter hourly precipitation values in both models are markedly smaller then the radar values (by 25%, Fig. 9 ), but show a much smaller negative bias when compared with UK5 rain gauge data ( 15%, Fig. 3 ). This highlights the uncertainty in the observations currently available to evaluate the models, even in the UK which has a well developed observation system, and demonstrates the need for high-quality high-density observation system required to support modelling studies like this.
In summer when radar data are more reliable, the 1.5 km diurnal cycle compares better with radar data than the 12 km simulation. A good diurnal cycle is indicative that convective processes are well captured, and hence gives us more confidence in the 1.5 km CPM projections for convective extremes. However, there is still a discrepancy in the timing of maximum and minimum daily rainfall, which is still found in newer CPM simulations (Keller et al. 2016; Leutwyler et al. 2017) .
The results presented here are limited by the fact that there is no 1.5-km northern UK hindcast simulation. However, the Met Office has already planned new reanalysisand GCM-driven (convection-permitting) regional climate simulations over the UK (UKCP 2017) . A direct comparison between reanalysis-and GCM-driven CPM simulations will become possible in the near future.
These simulations are essential benchmarks for future model simulations. Since the introduction of the convection-permitting model for weather forecasting and climate research, many new updates have been introduced to the model to address issues arising from operational and climate applications. However, there are still many challenges that are far from resolved, and they are not limited to the diurnal cycle problem that is mentioned here, for example: greyzone turbulence (Honnert 2016; Prein et al. 2015) , proneness to errors from driving data (Leduc and Laprise 2009) . Finding and addressing these model issues are challenging as observations may also be prone to large errors; hence it is critical to document model and observation biases for the benefit of the wider modelling community. Despite the above issues, the intensification of extreme precipitation and reduction of summer mean precipitation found here is consistent with previous results and seems to be robust, along with the finding that extreme precipitation changes may differ significantly between CPMs and PCMs (Chan et al. 2014b ), even if their mean precipitation projections are similar.
